Since its invention the atomic force microscope (AFM) [1] has permitted the high resolution imaging of surfaces at nanometer and subnanometer scales. Recently, AFM has been taken in liquid environments [2] [3] [4] [5] [6] [7] [8] to achieve, for example, true atomic resolution [2] or as a tool for biological applications [5] [6] [7] [8] . There are several advantages to performing measurements in liquids including elimination of capillary forces and provision of native environments for biological samples.
O'Shea, Welland, and Rayment [4] have used AFM to investigate force curves (normal forces on the tip versus tip-substrate distance) of systems immersed in liquids. Under octamethylcyclotetrasiloxane liquid they observed a few oscillations in the force curves, similar to those observed using the surface force apparatus [9, 10] , where the oscillations in the force curves were due to layering of the liquid molecules between two parallel solid surfaces. Cleveland, Schäffer, and Hansma [5] have measured forces between AFM tips and hydrophilic cleavage planes of the ionic crystal of calcite and barite in water. The forces were also found to be oscillatory. Moreover, recent computer simulations [11, 12] have also confirmed the oscillatory forces between AFM tips and solid surfaces in liquids.
Scanning motions of AFM tips in air over various surfaces have been the subject of several reviews [13, 14] . To our knowledge, scanning motions of AFM tips in liquids have not yet been studied theoretically. The focus of this paper is to investigate distinctive features of scanning motions of an AFM tip over a rigid monolayer substrate in water. Because forces between the tip and substrate, when both are immersed in water, are oscillatory, multiple scanning trajectories for the tip under a constant load may arise. On most of these trajectories, however, the system is at metastable or unstable equilibrium. Analysis of the total potential of mean force reveals a unique scanning trajectory along which the system is thermodynamically stable. This trajectory shows that the tip can take a hopping motion when it scans over a defect-free substrate, because of layering of the water molecules between the tip and the substrate.
We present here the results of force curves and scanning trajectories of an AFM tip over the monolayer substrate in water. We used the integral equation technique of statistical mechanics [15] . For simplicity, we have restricted our study to the system including a single-atom tip and a rigid monolayer substrate consisting of N s atoms fixed at hexagonal close-packed lattice sites ( Fig. 1) , both immersed in water (N w molecules). The system is taken to be as large as a liquid cell in the real experiment (which is impractical to simulate by using conventional methods such as molecular dynamics or Monte Carlo). The substrate lattice sites are placed at the z 0 plane and the tip is placed in the positive z space; the z coordinate of the tip atom is then considered as the tip height. Temperature T and volume V of the system as well as N w are held constant. In addition, the lateral position ͑x, y͒ and the tip height z or an external normal force 2F ext z (the load) acting on the tip are controlled as external parameters. The latter case corresponds to a constant load ͑2F ext z ͒ condition for the tip. An equilibrium state of the system is completely specified by N w , V , T , x, y, and z or by N w , V , T , x, y, and F ext z . 0031-9007͞97͞79(5)͞853(4)$10.00 © 1997 The American Physical Society 853 VOLUME 79, NUMBER 5
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The tip-substrate interaction in vacuum, U vac ͑r͒, is taken to be a pairwise sum, U vac ͑r͒ P N s j1 u ts ͑r j ͒, where u ts is the Lennard-Jones (LJ) potential: u ts ͑r͒ 4e͓͑s͞r͒ 12 2 ͑s͞r͒ 6 ͔ and r j denotes the distance between the tip atom and jth atom of the substrate; e and s are the LJ energy and size parameters. We used parameters for a site-site model of naphthalene [16] in the calculations, e s ͞k 67.1 K, s s 3.395 Å, where k B denotes the Boltzmann constant. The molecular potential of water is described by a slightly modified TIPS sitesite interaction potential [17] . The water-tip and watersubstrate intermolecular interactions are described by LJ potentials with the parameters determined by combining rules, e ws p e w e s and s ws ͑s w 1 s s ͒͞2. The lattice constant l a of the monolayer substrate is set to be 2 1͞6 s s . Water temperature is set at 298.15 K and density at 1 g͞cm 3 .
In the actual AFM experiments, a typical time scale for a tip scanning over one nanometer is of the order of one millisecond, which is much longer than the time scale required for the attainment of thermodynamic equilibrium of liquids. Therefore we consider motion of the tip as a quasistatic process under a constant N w VT condition, that is, as a succession of equilibrium states, each state being specified by x, y, and z or x, y, and F ext z . Note that during the scanning process all the thermodynamic properties of bulk water are kept constant, including chemical potential and pressure. At each equilibrium state, the tip experiences an intermolecular force F int F vac 1 F solv , where F vac and F solv are forces due to the tip-substrate direct interaction in vacuum and the solventinduced indirect interaction, respectively. F int ͑r͒, given by F int ͑r͒ 2=U int ͑r͒, is the mean force acting on the tip fixed at r ͑x, y, z͒, that is, a force canonically averaged over the configurations of the solvent molecules. U int is the potential of mean force which consists of two terms:
where U solv is the solvent-induced potential contribution. We determine U solv ͑r͒ as a function of the tip's lateral position ͑x, y͒ and height z by use of the supermolecule approach [16, 18] based on the extended reference interaction site model (RISM) integral equation technique [19] . Details of this approach have been given elsewhere [16, 18, 20] . The supermolecule approach allows one to evaluate the solvent-induced potential of mean force between two molecules without invoking the detailed dynamics of the solvent molecules, thereby considerably reducing the computational effort. Semiquantitative agreement with computer simulations has been obtained [16, 18] . Here we have extended the supermolecule approach to treat a two-dimensional monolayer substrate consisting of a large number of atoms by introducing a two-dimensional periodicity in the x and y directions. Similar extension was made by other workers to study polymers in solvents [21] . Specifically, the periodic unit consists of the tip and a rectangular section of the substrate (containing 132 atoms) with side length L x 11l a 41.92 Å and L y 6 p 3 l a 39.60 Å [22, 23] . The tip is moved laterally along a straight line referred to here as a path. Two paths are examined (see Fig. 1 ): Path A is defined by y y A and path B by y y B . The solvent-induced interaction U solv is calculated at 21 3 21 grid points covering a section between x a and x a 1 l a ͞2 and between z l and z h on a xz plane at y y a , where a A or B, z l 0.75s ws , and z h 2s ws ; U solv at finer grid points is then evaluated using an interpolation method. Here we attempt to reveal how the force oscillations alter scanning motions of the tip.
Since we have assumed that the AFM tip scans quasistatically the total force on the tip should be zero. The height of the tip at equilibrium, z eq , at any lateral position ͑x, y͒, can be determined via the force balance equation
If an iso-force ͑2F words, multiple values ͕z eq i ͖ can satisfy Eq. (2) because of the force oscillations. Consequently, there exist a number of trajectories for the tip under the same load. In contrast, there exists only one trajectory for the tip in vacuum [24] .
Although a number of equilibrium states of the system, characterized by ͕z eq i ͖, are allowed for a given load, only one of them is thermodynamically stable and the others are either metastable or unstable. We present here a simple procedure to find out the trajectory along which the system is at the stable equilibrium state. First, we divide the equilibrium states into two groups by inspecting the slope of the force curve ≠F int z ͞≠z at every z eq i . States in the first group which have positive slopes are unstable because any deviation from z eq i is accompanied by a net force ͑F tot F int 1 F ext ͒ which causes more deviation; states in the second group which have negative slopes are either stable or metastable because the net force restores the system to the original equilibrium state. Next, to find out the stable state among states in the second group we calculate the total potential of mean force, U tot ͑r͒ U int ͑r͒ 2 F ext z z, whose derivative with respect to z gives rise to F tot z . The stable equilibrium state, characterized by z eq s , possesses the lowest total potential of mean force. The contour of z eq s along a given path depicts the unique scanning trajectory ( hereafter we call it the stable trajectory) for the tip under the constant load. Figures 3(a)-3(c) show the stable trajectories along path A (Fig. 1) under three different loads [25] . The dotted curves delineate all possible metastable and unstable trajectories of the tip along path A. Under the smallest load ͑2F ext z 10 pN͒ three continuous trajectories are found [denoted by 1, 2, and 3 in Figs. 3(a) and  3(b) ]. Along trajectory 1 the tip is always in contact with the substrate ͑z ϳ 3 Å͒ while along trajectory 3 the tip is separated from the substrate by one hydration layer ͑z ϳ 5 Å͒. Since the tip is unstable on trajectory 2 the stable trajectory can only be portions of either trajectory 1 or 3, depending upon the tip's position. We found trajectory 3 is more stable when the x coordinate of tip is within 0.3l a from a lattice site while trajectory 1 is more stable otherwise. This is because when the tip is on top of a lattice site the total potential of mean force is higher on trajectory 1 than that on trajectory 3. As the tip moves away from the lattice site the total potential of mean force gradually decreases on trajectory 1 and eventually becomes lower than that on trajectory 3. Here the solvent-induced potential U solv plays a key role. When the tip is on top of a lattice site U solv is about 2.4k B T on trajectory 1, which is higher than that on trajectory 3. However, when the tip is on top of the midpoint U solv is about 1.5k B T on trajectory 1, which is lower than that on trajectory 3. Consequently, the stable trajectory exhibits a stepwise feature, indicating that the tip may hop back and forth between trajectories 1 to 3 during the quasistatic scan along path A [26] . If the load is increased, more portions of trajec- Fig. 3(c) ]. It is of interest to calculate the potential barrier D z U tot separating two trajectories 1 and 3. Note that trajectory 2 corresponds to the ridge of the potential barrier. We find the barrier at the coordinate where the tip jumps is 1.2k B T under the load 10 pN and 0.6k B T under the load 40 pN, which is comparable to the thermal energy. A similar conclusion has been made from experiment [5] . Figure 4 displays the stable trajectories along path B under three loads, which look quite different from those along path A. Although three trajectories are also found under the lowest as well as the medium loads [Figs. 4(a) and 4(b)], trajectory 1 is always the stable trajectory throughout path B. Under the higher load no multiple trajectories are found; the sole trajectory is the stable trajectory [ Fig. 4(c) ] on which the tip is always in close contact with the substrate.
In this study, we have revealed that a single-atom tip in water may take a hopping motion even over a defectfree substrate, as shown in Figs. 3(a) and 3(b) . Here we have assumed the tip always follows the stable trajectory. One may question the extent to which this hopping motion affects a sample's image quality. It is our hope that this theoretical work will inspire parallel AFM experiments to answer this question. Since the resolution achieved by most AFM in liquid environments so far is about one nanometer [6, 7] this hopping motion may be too small to affect the AFM image. However, if an AFM is capable of true atomic resolution in liquids the hopping motion may complicate the image analysis. The newly developed carbon nanotube AFM by Smalley and coworkers seems very promising for detecting this hopping motion because the AFM tip is "sharp" on the atomic scale [27] .
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